RppA is a type III polyketide synthase (PKS) that catalyzes condensation of five molecules of malonyl-CoA to form 1,3,6,8-tetrahydroxynaphthalene (THN). In Streptomyces antibioticus IFO13271 and several other Streptomyces species, an open reading frame, named momA, is present as a neighbor of rppA. MomA belonged to the "cupin" superfamily because it contained a set of two motifs that is responsible for binding one equivalent of metal ions. MomA catalyzed monooxygenation of the THN produced from malonyl-CoA by the action of RppA to form flaviolin. In addition, it used several polyketides as substrates and formed the corresponding quinones. MomA required redox-active transition metal ions (Ni 2؉ , Cu 2؉ , Fe 3؉ , Fe 2؉ , Mn 2؉ , and Co 2؉ ) for its activity, whereas it was inhibited by a redox-inert transition metal ion (Zn 2؉ ). MomA neither possessed any flavin prosthetic group nor required nicotinamide cofactors for monooxygenation, which shows that MomA as a member of the cupin superfamily is a novel monooxygenase. Consistent with the catalytic property of MomA, WhiE-ORFII showing similarity in amino acid sequence to MomA and containing a cupin domain also catalyzed monooxygenation of THN. whiE-ORFII is located immediately upstream of the "minimal PKS" gene within the whiE type II PKS gene cluster for biosynthesis of a gray spore pigment in Streptomyces coelicolor A3(2), and a number of whiE-ORFII homologues are present in the biosynthetic gene cluster for polyketides of type II in various Streptomyces species. These findings show that a novel class of quinone-forming monooxygenases is involved in modification of aromatic polyketides synthesized by PKSs of types II and III.
Aromatic polyketides are widely distributed in bacteria, fungi, and plants, and their structural diversity reflects the variety of pharmacological and veterinary properties (1) . The synthesis of this class of natural products is comprised of the carbon skeleton synthesis by three distinct classes of PKSs 1 (types I-III) and post-PKS tailoring enzymes including oxidation, reduction, glycosylation, halogenation, and so on (2) . In bacteria, the genes for PKS and modification enzymes are usually clustered, forming a polyketide biosynthetic gene cluster. Type I PKSs are multifunctional enzymes that are organized into modules, each of which harbors a set of distinct catalytic domains (3, 4) . AviM from Streptomyces viridochromogenes Tü 57 is an unusual type I PKS, which uses its active site iteratively for the synthesis of the aromatic polyketide moiety of avilamycin A (5) . Type II PKSs, exemplified by WhiE for the biosynthesis of a gray polyketide spore pigment of Streptomyces coelicolor A3(2) (6), contain a single set of iteratively used active sites that are carried on separate proteins. Type II PKSs consist of a "minimal PKS" and auxiliary subunits (7, 8) . The pivotal component of the minimal PKS is a ketosynthase, which is responsible for condensation of acetate building blocks. Type III PKSs are ketosynthases with a homodimeric form, which act iteratively for polyketide chain extension (9) . RppA, which catalyzes the condensation of five molecules of malonyl-CoA to synthesize THN and is responsible for melanin synthesis in Streptomyces griseus, is a member of type III PKSs (10) .
Within a gene cluster for a given polyketide, several enzymes involved in modification of the polyketide skeleton are in most cases encoded. These modification enzymes or post-PKS tailoring enzymes usually play a critical role in contributing to the biological properties exhibited by a variety of polyketide compounds (11) . Therefore, studying the modifications by these enzymes of aromatic polyketides that are synthesized by types II and III PKSs is important and would sometimes lead to discoveries of their novel catalytic properties. These modification enzymes could be employed as a member in so-called combinatorial biosynthesis for the purpose of synthesizing "unnatural" natural compounds.
We focused on an open reading frame (momA) that lies immediately downstream of rppA encoding a type III PKS in Streptomyces antibioticus IFO13271. Because RppA synthesizes THN from malonyl-CoA and because momA is located near rppA in several other Streptomyces species, we expected that MomA might be involved in modification of THN. In bacteria, functionally related genes are often organized as an operon or located as neighbors. As expected, MomA was found to catalyze monooxygenation of THN to yield flaviolin. MomA was also found to be necessary to convert flaviolin into mompain, a certain protein in the cell lysate of Streptomyces lividans that, together with MomA, converted flaviolin into mompain. We also characterized WhiE-ORFII, which shows similarity in amino acid sequence to MomA and is encoded * This work was supported by the BioDesign Program of the Ministry of Agriculture, Forestry, and Fisheries of Japan and by a grant-in-aid for scientific research on priority areas from Monkasho. The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
The within the whiE gene cluster responsible for the synthesis of a gray spore pigment in S. coelicolor A3(2) (6). The spore pigment is synthesized by a "minimal PKS" (type II PKS) encoded within the gene cluster. In agreement with the sequence similarity between the two enzymes, WhiE-ORFII catalyzed monooxygenation of THN and several other aromatic polyketides to yield the corresponding quinones. MomA and WhiE-ORFII contained a sequence conserved in "cupin" proteins and required redox-active transition metal ions. We therefore propose that MomA and WhiE-ORFII are members of a novel monooxygenase family that is responsible for post-PKS tailoring reactions in polyketide synthesis of both types II and III.
EXPERIMENTAL PROCEDURES
Materials-Emodin, naphthalene, 2-hydroxy-1,4-naphthoquinone, and 1,3-dihydroxynaphthalene (DHN) were purchased from Aldrich. 1-Naphthol was purchased from Sigma. 2-Naphthol, resorcinol, phloroglucinol, 8-quinolinol, tiron (1,2-dihydroxy-3,5-benzene-disulfonic acid), and 1,10-phenanthroline were purchased from Wako. 5-Methylresorcinol was purchased from Tokyo Kasei. THN and emodin anthrone (EA) were synthesized according to the method of Ichinose et al. (12) and Falk et al. (13) , respectively.
Bacterial Strains, Plasmids, and Media-S. griseus IFO13350 and S. antibioticus IFO13271 were obtained from the Institute of Fermentation (IFO), Osaka, Japan. S. coelicolor A3(2) and S. lividans TK21 were obtained from D. A. Hopwood (see Ref. 14) . Escherichia coli JM109 and plasmids pUC19 and pKf19, used for DNA manipulation, were purchased from Takara Biochemicals. An rppA homologue from S. antibioticus on pET16b-Sa-rppA (15) was used as the hybridization probe for cloning a longer DNA fragment including rppA. For expression of RppA and MomA in Streptomyces, pIJ6021 containing a thiostrepton-inducible tipA promoter (16) was used. For expression of His-tagged proteins in E. coli BL21 (DE3), pET26b and pET16b (Novagen) were used. Media and growth conditions for E. coli were described by Maniatis et al. (17) . S. coelicolor A3(2) and S. lividans were routinely cultured at 30°C on yeast extract malt extract medium (14) , which was supplemented with 5 g/ml of kanamycin or thiostrepton, when necessary.
Construction of Plasmids-Restriction enzymes and other DNA-modifying enzymes were purchased from Takara Biochemicals. [␣-
32 P]dCTP for DNA labeling with the Takara BcaBest DNA labeling system was purchased from Amersham Biosciences. General recombinant DNA techniques, including Southern hybridization and colony hybridization, were described by Maniatis et al. (17) . Nucleotide sequences were determined with the ThermoSequenase fluorescence-labeled primer cycle sequencing kit on an automated DNA sequencer (Amersham Biosciences). The nucleotide sequence reported in this paper has been deposited in the GenBank TM data base under accession number AB198053.
Construction of pMF1-Southern hybridization against the chromosomal DNA from S. antibioticus IFO13271 with the rppA sequence on pET16b-Sa-rppA as the 32 P-labeled probe revealed the presence of a 3.2-kb SalI-SphI DNA fragment giving a positive signal. The 3.2-kb fragment was cloned into pUC19, resulting in pUC19-MF0 (see Fig.  1B ). The 1.3-kb SacI-KpnI fragment, which was prepared from pUC19-MF0 by partial digestion with SacI followed by KpnI digestion (a KpnI site is present in the multicloning site of pUC19-MF0), together with a 0.9-kb NdeI-SacI fragment excised from pET16b-Sa-rppA were cloned between the NdeI and KpnI site of pKf19 to construct pKf19-MF1. The 2.2-kb NdeI-EcoRI fragment (an EcoRI site is present in the multicloning site of pKf19-MF1), excised from pKf19-MF1, was cloned between the NdeI and EcoRI sites of pIJ6021, resulting in pMF1.
Construction of pMF2-The 1.1-kb NdeI-BamHI fragment, excised from pET16b-Sa-rppA, was cloned between the NdeI and BamHI sites of pIJ6021, resulting in pMF2.
Construction of pMF3-The nucleotide sequence (CGTATG) covering the ATG start codon of MomA was changed to CATATG to create an NdeI site by PCR with primer I, 5Ј-GCGAAGCTTAGCGGAGGAAAC-CCATATGACC-3Ј (the italic letters indicate nucleotides to be changed; the underlined letters indicate a HindIII site), and primer II, 5Ј-GCGG-GATCCATATCGGTTCCATCTCGGGT-3Ј(the underlined letters indicate a BamHI site). After amplification by PCR under the standard conditions, the HindIII-BamHI fragment was prepared and cloned between the HindIII and BamHI sites of pUC19, resulting in pUC19-MF3. The absence of undesired alterations was checked by nucleotide sequencing. The NdeI-BamHI fragment, excised from pUC19-MF3, was cloned between the NdeI and BamHI sites of pIJ6021, resulting in pMF3.
Construction of pET16b-MomA-The NdeI-BamHI fragment excised from pUC19-MF3 was cloned between the NdeI and BamHI sites of pET16b (Novagen), resulting in pET16b-MomA.
Construction of pET26b-MomA-The nucleotide sequence (TGACTC) covering the TGA stop codon of MomA was changed to CTCGAG to create an XhoI site by PCR with primer I and primer III, 5Ј-GCGGAAT-TCCTCGAGGCTCCCACTCTGGTTCGCGT-3Ј (the italic letters indicate nucleotides to be changed; the underlined letters indicate an EcoRI site). The amplified 0.6-kb momA fragment was cloned between the HindIII and EcoRI sites of pUC19, resulting in pUC19-C-MomA. The absence of undesired alterations was checked by nucleotide sequencing. The NdeI-XhoI fragment excised from pUC19-C-MomA was cloned between the NdeI and XhoI sites of pET26b, resulting in pET26b-MomA.
Construction of pET26b-WhiE-ORFII-The whiE-ORFII gene was amplified by PCR with primer IV, 5Ј-GCGGAATTCCATATGACAGAC-CAGCAGGTACGCATCG-3Ј (the italic letters indicate nucleotides to be changed; the underlined letters indicate an EcoRI site), and primer V, 5Ј-GCGAAGCTTGGATCCCATGACACCACCTCGGCCGCGGG-3Ј (the italic letters indicate nucleotides to be changed; the underlined letters indicate a HindIII site). The template was the chromosomal DNA of S. coelicolor A3(2) M130. The sense primer IV was designed to change the ATG start codon of whiE-ORFII to an NdeI site, and the antisense primer V was designed to replace the stop codon with a BamHI site. The amplified product was cloned between the EcoRI and HindIII sites of pUC19, and the absence of undesired alterations was checked by nucleotide sequencing. The whiE-ORFII sequence was then excised as a NdeI-BamHI fragment and inserted between the NdeI and BamHI sites of pET-26b, resulting in pET26b-WhiE-ORFII.
Isolation and Identification of Polyketides Produced by S. lividans Harboring pMF1-S. lividans TK21 harboring pMF1, pMF2, or pMF3 was inoculated to 2 liters of yeast extract malt extract liquid medium containing 5 g/ml kanamycin and grown at 30°C. After 17 h, 5 g/ml of thiostrepton was added to induce the tipA promoter, and the culture was continued for further 24 h. The culture broth was adjusted to pH 1.0 with 6 M HCl, extracted with ethyl acetate, and then passed through a pad of Celite. The Celite was washed with ethyl acetate. The organic layers were combined, washed with brine, and dried with Na 2 SO 4 . After evaporation to dryness, the crude material was dissolved in methanol and passed through a Sep-Pak column (Waters) for removal of undesired aliphatic compounds. The sample was lyophilized and dissolved in Me 2 SO for reverse-phase high performance liquid chromatography (HPLC) analysis. Conditions of HPLC are as follows: ODS-80Ts column (Tosoh) was eluted with a linear gradient from 5 to 40% CH 3 CN in water (each containing 2% acetic acid) over 30 min and then 100% CH 3 CN within 10 min at a flow rate of 0.8 ml/min. UV absorbance was detected at 330 nm.
Mompain in the crude sample was purified by reverse phase preparative HPLC (Docosil B, C22, 20 ϫ 250 mm) by a linear gradient from 10 to 40% CH 3 CN in water (each containing 1% acetic acid) within 60 min at a flow rate of 5 ml/min. The collected fractions were lyophilized to give 27 mg of mompain as a purple solid.
1 H NMR (500 MHz, CD 3 OD) ␦ 6.31 (s, 2H, ArH); Production of Recombinant MomA and WhiE-ORFII in E. coli-For production of MomA with a His tag at its N terminus, E. coli BL21 (DE3) harboring pET16b-MomA was grown at 26°C overnight in LB medium containing 100 g/ml ampicillin, and the cells were collected by centrifugation. For expression of WhiE-ORFII with a His tag at its C terminus, E. coli BL21 (DE3) harboring pET26b-WhiE-ORFII was grown at 37°C for 3 h in LB medium containing 25 g/ml kanamycin, followed by induction of the T7 promoter with 1 mM isopropyl ␤-Dthiogalactopyranoside. After further growth at 37°C for 2 h, the cells were collected by centrifugation. The cleared cell lysates containing MomA and WhiE-ORFII were prepared by sonication, and removal of cell debris by centrifugation at 10,000 ϫ g was for 30 min. A nickelnitrilotriacetic acid resin (Qiagen) was used for purification of MomA and WhiE-ORFII from the cleared cell lysates. Protein concentrations were measured with a Bio-Rad protein assay kit using bovine serum albumin as a standard.
Gel Filtration and SDS-PAGE Analysis-SDS-PAGE was carried out using the buffer system of Laemmli in 15% polyacrylamide gel, and protein bands were visualized by staining with Coomassie Brilliant Blue R-250. The molecular sizes of recombinant MomA and WhiE-ORFII were determined by gel filtration on a PROTEIN KW-802.5 column (Shodex) that had been equilibrated with 10 mM sodium phosphate buffer (pH 7.0) containing 150 mM K 2 SO 4 . The molecular size standards used are as follows: albumin (67 kDa), ovalbumin (43 kDa), chymotrypsinogen (25 kDa), and ribonuclease (13.7 kDa).
Glutaraldehyde Cross-coupling Analysis-MomA or WhiE-ORFII (10 g each) was mixed with glutaraldehyde (final concentration, 0.01-0.1%) in 50 mM NaH 2 PO 4 (pH 8.0) in a total volume of 50 l and incubated for 20 min at room temperature. The reactions were stopped by adding 4 l of 2 M Tris-HCl (pH 8.0) and applied to SDS-PAGE. Prosthetic Group Investigation of MomA and WhiE-ORFII-For determination of the prosthetic group and metal ion, the standard reaction mixture contained THN (1 M for MomA and 100 M for WhiE-ORFII), 500 M each of organic cofactors or 100 M each of metal ions in 100 mM sodium phosphate (pH 7.5), and 0.59 g of MomA or 56 g of WhiE-ORFII in a total volume of 400 l. After the reaction mixture had been preincubated at 30°C for 5 min, the reaction was initiated by adding THN and incubated for 15 s for MomA and 1 min for WhiE-ORFII. Reactions were stopped by adding 80 l of 6 M HCl, and the material in the mixture was extracted with 400 l of ethyl acetate. The organic layer was evaporated, and the residual material was dissolved in 10 l of dimethyl sulfoxide for HPLC analysis. Reverse phase HPLC conditions were as follows: ODS-80Ts (C18) column (4.6 ϫ 150 mm; Tosoh), maintained at 40°C, eluted with 25% CH 3 CN in H 2 O (each contained 2% acetic acid) with detection at 260 nm; flow rate, 1.0 ml/min. UV spectra were detected on a Waters 996 photodiode array detector. The amount of flaviolin was quantified with the standard curve established using authentic flaviolin, which was prepared by a large scale reaction of MomA using synthetic THN as the substrate.
Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-AES) Analysis-The metal contents of MomA and WhiE-ORFII were determined by using ICP-AES (Seiko). For preparation of metal ion-free enzymes, 1,10-phenanthroline (500 M) or 8-quinolinol (500 M) was added to MomA (5.5 nM in 10 mM Tris-HCl buffer (pH 8.0)) or WhiE-ORFII (24 nM in 10 mM Tris-HCl buffer (pH 8.0)). After 2 h of incubation, the residual chelators were removed by dialysis four times against 2 liters of 10 mM Tris-HCl buffer (pH 8.0). For preparation of metal ion-substituted MomAs, the 1,10-phenanthroline-treated MomAs (1.66 nM) were incubated with 125 M of metal ions at 4°C for 2 h, followed by desalting column chromatography (PD-10, Amersham Biosciences) for eliminating unbound metals. Binding of the metals was confirmed by analyzing ICP-AES for each sample.
Determination of Kinetic Parameters of MomA and WhiE-ORFIIThe reactions, containing 100 mM sodium phosphate (pH 7.5) and 0.59 g of MomA or 56 g of WhiE-ORFII, were performed in a total volume of 400 l, except for the reaction of THN by MomA, which was performed with 0.29 g of MomA in 200 l. The concentrations of THN were 0.1-1.0 M for MomA and 50 -500 M for WhiE-ORFII. The concentrations of EA and DHN were 10 -100 M. After the reaction mixture had been preincubated at 30°C for 2-5 min (differed depending on the substrate), the reactions were initiated by adding the substrate and were continued for 15 s for THN, 1 min for DHN, and 5 min for EA for the MomA reactions, and 1 min for THN for the WhiE-ORFII reaction. The reactions were stopped with 40 or 80 l of 6 M HCl, and the material in the mixture was extracted with an equal volume of ethyl acetate. The organic layer was collected and evaporated. The residual material was dissolved in 10 l of dimethyl sulfoxide for HPLC analysis. The products were separated and quantified by HPLC using the standard curve. Steady-state parameters were determined by the Hanes plot.
RESULTS
Identification of the rppA-momA Operon in S. antibioticus-We reported previously (10) that rppA, a type III polyketide synthase catalyzing the synthesis of THN from malonyl-CoA, is responsible for melanin biosynthesis in S. griseus. Our preliminary data showed that a gene, named P-450mel, located just upstream of rppA was responsible for the biosynthesis of a dark brown, THN-derived melanin in this strain (Fig. 1A) . On the other hand, introduction of a DNA fragment containing rppA and its downstream gene, later named momA, from S. antibioticus IFO13271 in S. lividans resulted in production of a diffusible red pigment. A similar red pigment was found in the culture broth of S. antibioticus IFO13271. The red pigment, which gave a UV spectrum similar to that of the chromophore of flaviolin (data not shown), was distinct from the THN-derived melanin. We there- fore supposed that the THN produced by the action of RppA might be converted into melanin by the catalytic activity of P-450mel in S. griseus and into a flaviolin-like compound by the activity of MomA in S. antibioticus. We determined the nucleotide sequence of momA and deduced the amino acid sequence of MomA, as described below.
In Saccharopolyspora erythraea, rppA is also required for the biosynthesis of a diffusible pigment (18) . The gene organization in the downstream region of rppA in this strain revealed the presence of both P-450mel and momA homologues (Fig. 1A) . A similar arrangement of the genes was also found in both S. coelicolor A3(2) (19) and Streptomyces avermitilis (20) , in which the complete genome sequences have been reported. A BLAST search predicted that the deduced amino acid sequence of momA from S. antibioticus shares overall similarity among the functionally uncharacterized gene products, SCO1208 in S. coelicolor A3(2) and SAV7129 in S. avermitilis (Fig. 1, A and  C) . The overall identity in the amino acid sequence of SCO1208, SAV7129, and ORF3 in S. erythraea to S. antibiotics MomA is 57, 58, and 58%, respectively. Another protein (SAV1496) of S. avermitilis was also found as a MomA homologue (43% identity), whereas SAV1496 is not located close to rppA. The gene organizations around momA in S. coelicolor A3(2) and S. avermitilis are the same; P-450mel and momA are present in this order downstream of rppA, as in S. erythraea, and three other genes, assigned as aldehyde dehydrogenase, unknown, and acyl-CoA dehydrogenase genes, are present in the same orientation. We therefore assumed that MomA and P-450mel were physiologically important for pigmentation and melanin synthesis in streptomycetes, although little was known about the functions of these RppA-associated proteins. Thus, we set out to characterize the catalytic properties of MomA in pigment biosynthesis in S. antibioticus, because no P-450mel homologues, which might hamper the characterization of the compound converted from THN by competitively converting it into melanin, were found near the rppA-momA operon.
The nucleotide sequence of the 3.2-kb SalI-SphI DNA fragment from S. antibioticus IFO13271 was determined, and open reading frames were predicted by the FramePlot analysis (14) (Fig. 1, B and C) . Within the fragment, three open reading frames, rppA, momA, and a gene for a factor of RNA polymerase, were encoded. Because the space between the TK21 harboring pMF1, pMF2, pMF3 , or pIJ6021. The S. lividans strains were grown at 30°C for 17 h after induction of the tipA promoter, as described under "Experimental Procedures," and the material prepared by extraction with ethyl acetate of the culture broth was analyzed by HPLC. The sample of S. lividans harboring pMF1 was also prepared from the culture grown for a prolonged period (40 h after induction of the tipA promoter). The plasmids contained in the S. lividans transformants are indicated at top left in the chromatograms. B, HPLC analysis of the products after in vitro oxygenation of THN by recombinant MomA or WhiE-ORFII. The reactions were incubated at 30°C for 15 sec in 100 mM sodium phosphate (pH 7.5), 10 M THN, and 2.2 g of MomA or 165 g of WhiE-ORFII in a total volume of 400 l. The enzyme used in each reaction is indicated at top right in the chromatograms. The minor peak indicated by an asterisk could not be characterized due to its instability. C, HPLC analysis of the products after in vitro oxygenation of flaviolin to give mompain by recombinant MomA and a cell lysate of S. lividans TK21. The reactions were incubated at 30°C for 1 h in 100 mM Tris-HCl (pH 7.5), 200 M flaviolin, 2 mM NADH, ϳ5 mg of total cell lysate of S. lividans, and 55 g of MomA in a total volume of 600 l. The enzyme(s) used in each reaction is indicated at top left in the chromatograms.
termination codon of rppA and the initiation codon of momA was only 31 bp, these two genes appeared to be transcribed as a single transcriptional unit. The BLAST analysis of MomA toward the conserved domain data base predicted the presence of a barrel domain of the cupin superfamily (Fig. 1C) . The characteristic conserved sequences of motif 1 and motif 2 of cupin proteins were designated as G(X) 5 HXH(X) 3-4 E(X) 6 G (X indicates any amino acid) and G(X) 5 PXG(X) 2 H(X) 3 N, respectively (21). The two His residues and the Glu residue in motif 1, together with the His residue in motif 2, act as ligands for the active site metal ion (21) . These residues were all conserved among the MomA sequences in Fig. 1C , suggesting that MomA is a metalloprotein. Although the cupinfold proteins are widely distributed in Archaea, Eubacteria, and Eukaryota, we could not predict the catalytic function from the results of homology searching.
Expression of MomA and RppA in S. lividans-We constructed three plasmids, pMF1 carrying both rppA and momA, pMF2 carrying rppA alone, and pMF3 carrying momA alone (Fig. 1B) , by using pIJ6021, and we introduced them by transformation into S. lividans TK21. The genes were all under the control of the thiostrepton-inducible tipA promoter in pIJ6021. After induction of the tipA promoter with thiostrepton, cell extracts were prepared and analyzed by HPLC. S. lividans harboring pMF1 produced two polyketides, neither of which was observed in the control extract prepared from the S. lividans harboring the vector (Fig. 2A) . Further fermentation of S. lividans harboring pMF1 resulted in the accumulation of a polar product, which was identified as mompain by proton and carbon NMR spectra, with the aid of heteronuclear multiple bond correlation analysis and a high resolution electrospray ionization-time-of-flight mass spectrum. Mompain was not detected in the extract of S. lividans harboring pMF2. Moreover, whereas THN is an unstable compound to be auto-oxidized into flaviolin, a small amount of THN remained intact even after 24 h from the induction of the tipA promoter in the culture of S. lividans harboring pMF2. In contrast, no THN was observed in the extract of S. lividans harboring pMF1 under the same conditions. Both THN and flaviolin were identified by checking the co-migration with authentic samples by HPLC analysis (data not shown). These in vivo observations led us to assume that MomA was responsible for the synthesis of mompain via flaviolin produced by oxidation of the THN that had been produced from malonyl-CoA by the action of RppA (Fig. 3A) .
A Homodimeric Form of MomA-For convenience in purification, we produced MomA in E. coli as a His tag attached protein.
Although we performed all the experiments on MomA described in this paper by using the MomA protein with a His tag at its N terminus, we were able to duplicate the results by using the MomA protein with a His tag at its C terminus (data not shown). Recombinant MomA, which was purified from the soluble fraction of the homogenate of E. coli harboring pET26b-MomA, migrated at a position of ϳ28 kDa (23,347 for the calculated molecular weight) on SDS-PAGE (Fig. 4A, lane 3) . Gel filtration column chromatography showed that the native MomA was a dimer with a trace amount of a tetramer in an ϳ20:1 ratio, as estimated from integration of the peak area (Fig. 4B) . Further experiments with a sulfhydryl group cross-linker, glutaraldehyde, showed that the subunits of MomA were cross-linked by the agent (Fig. 4C, lanes 2-4) . The apparent size, about 60 kDa, of the cross-linked protein was close to the size expected from a homodimeric form of the 28-kDa subunit. No tetrameric forms were observed in this cross-link experiment.
In Vitro Analysis of MomA Reactions-The first assay of MomA was carried out with THN as the substrate to determine whether it produced flaviolin and/or mompain by oxidation (Fig. 2B) . The HPLC analysis of the reaction products revealed that MomA readily catalyzed oxidation of THN to yield flaviolin but not mompain. Because co-expression in vivo of rppA and momA in S. lividans yielded mompain, in addition to flaviolin as described above, we then performed the reactions with flaviolin as a substrate to check the mompain formation by MomA. Although MomA alone was not capable of oxidizing flaviolin (data not shown), mompain was formed only if the cell lysate of S. lividans was added to the MomA reaction (Fig. 2C) . A heat-denatured cell lysate was not capable of supporting the mompain formation by MomA, indicating that the uncharacterized factor(s) in the cell lysate could be a protein. Furthermore, the reaction was greatly enhanced by adding NAD(P)H, which suggests that the uncharacterized factor(s) requires NAD(P)H as a co-factor. These results show that MomA is a monooxygenase catalyzing oxidation of THN to form flaviolin, and the mompain production by MomA requires the support of the uncharacterized enzyme(s) of S. lividans TK21. Characterization of this factor is out of scope of this study.
Prosthetic Group Investigation of MomA-Oxygenases usually require a transition metal or an organic cofactor to mediate dioxygen activation (22) . In particular, many oxygenases use a redox-active transition metal with a correspondingly negative redox potential as an electron donor to produce a superoxide anion radical (O 2 . ) (22) . To determine whether MomA contains flavin or heme groups, we determined the UV-visible absorption spectrum of recombinant MomA. No absorption maxima characteristic of flavin and heme groups were observed (data not shown). Addition of NAD(P) ϩ , NAD(P)H, FMN, or FAD did not stimulate or inhibit the reaction of MomA (Table I) . These results indicate that MomA requires neither reduced nicotinamide cofactors nor flavin for activity.
Because MomA contains the cupin domain that is responsible for metal ion binding, we carried out ICP-AES analysis to determine the metal content of MomA (Table II) . The results showed that a monomer of recombinant MomA contained iron (42%), nickel (52%), and zinc (53%). Some of the metal ions could bind to MomA in some unknown manner, and thus the total percentage exceeded 100, because recent three-dimensional studies of cupin proteins have revealed that a set of two cupin motifs is responsible for binding 1 eq of a metal ion (21) .
To determine whether these metal components bind tightly or loosely to MomA, we examined the effect of metal ion chelators on the enzymatic activity and the metal content of MomA. No significant inhibition was observed upon addition of 500 M EDTA, EGTA, or tiron (data not shown), whereas 500 M 1,10-phenanthroline (Table III, entry 2) and 8-quinolinol (not shown) significantly inhibited the monooxygenation of THN by MomA. The 1,10-phenanthroline treatment of MomA completely eliminated the nickel ion, whereas significant amounts of the iron and zinc ions were still retained, as determined by ICP-AES analysis (Table II, entry 2). All these results suggest that the metal ions, iron, nickel, and zinc, are tightly bound to the protein, although ncikel-MomA is more susceptible to 1,10-phenanthroline than iron-and zinc-MomA.
We examined the effect of a series of the transition metals ( a After incubation with 500 M 1,10-phenanthroline, the residual 1,10-phenanthroline was removed by dialysis.
b After incubation with 500 M 8-quinolinol, the residual 8-quinolinol was removed by dialysis.
ble III). The alkaline earth metals (Mg 2ϩ and Ca 2ϩ ) were readily removed from the protein by desalting column chromatography, whereas the transition metals (Ni 2ϩ , Cu 2ϩ , Fe 3ϩ , Fe 2ϩ , Zn 2ϩ , Mn 2ϩ , and Co 2ϩ ) were not, as revealed by the ICP-AES analysis (data not shown). For both native and 1,10-phenanthroline-treated MomA, addition of the redox-active transition metals facilitated the reaction, whereas the redoxinert Zn 2ϩ ion significantly inhibited the reaction. The alkaline earth metals showed no effects on the reaction. These results clearly indicate that MomA requires the redox-active transition metals that provide metal-based redox changes during the catalysis. Among the metal ions, iron, nickel, and zinc, contained in the recombinant MomA, Ni 2ϩ , in addition to Fe 2ϩ and Fe 3ϩ , greatly facilitated the reaction. We assume that MomA is an iron-dependent enzyme, because iron is the most abundant in nature and because the possibility that Ni 2ϩ being accommodated during the purification step by using the Ni 2ϩ -nitrilotriacetic acid column cannot be excluded.
Substrate Specificity and Kinetic Analysis of MomA-We measured the amount of flaviolin produced by MomA to determine the initial reaction velocities at various concentrations of THN. MomA had its optimal pH around 7.5 in 100 mM sodium phosphate and Tris-HCl buffers (Fig. 5A) . The highest enzyme activity was obtained at about 40°C in 100 mM sodium phosphate buffer (pH 7.5) (Fig. 5B) . MomA exhibited a normal Michaelis-Menten plot with the K m value of 0.678 Ϯ 0.08 M (Table IV) . The k cat value for flaviolin formation was calculated to be 0.287 Ϯ 0.039 s Ϫ1 . A significant substrate inhibition, which was more than a 50% decrease in velocity against the maximum rate, was observed at concentrations higher than 5 M (Fig. 5C) .
The oxygenation activity of MomA toward several aromatic compounds was investigated in 100 mM sodium phosphate buffer (pH 7.5) at 30°C. MomA converted DHN and EA into 2-hydroxy-1,4-naphthoquinone and emodin, respectively, as a single product (Fig. 3, B and C, and Table IV), whereas it did not react with naphthalene, 1-naphthol, 2-naphthol, resorcinol, phloroglucinol, or 5-methylresorcinol (data no shown). These results indicate that MomA prefers 1,3-hydroxyl-substituted, fused ring aromatic compounds as a substrate, because1-naphthol, 2-naphthol, or the 1,3-hydroxyl substituted single ring aromatic compound was not oxidized.
It is interesting that MomA accepted EA as a substrate, because a similar reaction was observed for the AknX anthrone oxygenase, a tailoring emzyme in polyketide synthesis homologous for TcmH (23) . TcmH, which catalyzes the conversion of the naphthacenone tetracenomycin F1 into the 5,12-naphthacenequinone tetracenomycin D3, requires only dioxygen, but requires no co-factors, and thus forms the first member of a new class of internal monooxygenases (24) . MomA does not require any foreign electron donors. Therefore, MomA is an internal monooxygenase, although it requires a transition metal for its activity. The mechanistic differences between these two classes of quinone-forming monooxygenases will be discussed later.
Characterization of WhiE-ORFII as a Monooxygenase-Our BLAST search toward the S. coelicolor A3(2) protein data base using the MomA sequence as a query predicted that WhiE-ORFII consisting of 157 amino acids, contains a cupin domain, including motifs 1 and 2 (Fig. 6) . Further BLAST searching with WhiE-ORFII as a query revealed that whiE-ORFII and its homologous genes in the gene clusters for the biosynthesis of various polyketides in Streptomyces species always form an operon with ketosynthase (whiE-ORFIII, the "minimal PKS") genes (Fig. 6A) . The results of expression of the whiE ORFs in various combinations and a comparative sequence study confirmed the roles of some of them (25) . Although the function of WhiE-ORFII was assigned as a cyclase/aromatase by these genetic studies (25, 26) , it was not biochemically characterized to date. The similarity between MomA and WhiE-ORFII prompted us to predict the function of WhiE-ORFII as a monooxygenase.
We prepared WhiE-ORFII with a His tag at its C terminus from E. coli harboring pET26b-WhiE-ORFII to examine its catalytic properties. Recombinant WhiE-ORFII migrated at a position of ϳ26 kDa (19, 176 for the calculated molecular mass) on SDS-PAGE (Fig. 4A, lane 6) . The results obtained from gel filtration column chromatography and cross-linking experiments of WhiE-ORFII were analogous to those of MomA, in which WhiE-ORFII was mainly a dimer with a trace amount of a tetramer (Fig. 4, B and C) . Because the physiological substrate was unknown and not available, its catalytic activity was measured using THN. The HPLC analysis revealed that WhiE-ORFII catalyzed oxidation of THN to flaviolin (Fig. 3B) . The kinetic values were determined under the optimal conditions for MomA to compare the catalytic properties between WhiE-ORFII and MomA (Table IV) . Besides THN, WhiE-ORFII also oxidized DHN and EA into the corresponding quinones (data not shown), suggesting its generous substrate specificity similar to MomA. The difference between WhiE-ORFII and MomA was found in the prosthetic group selectivity. WhiE-ORFII contained iron, nickel, zinc, and manganese, none of which were removed by the treatment with 1,10-phenanthroline (not shown) or 8-quinolinol (Table II) . WhiE-ORFII showed a similar preference toward the transition and alkali earth metal ions, except for Ni 2ϩ and Co 2ϩ . Unlike for MomA, Ni 2ϩ and Co 2ϩ showed almost no effect on the reaction or slightly inhibited the reaction (Table III) . Most interestingly, NAD(P)H completely inhibited the reaction (Table I) , whereas no flavin group or heme was detected by spectroscopic analyses (data not shown). This susceptibility to NAD(P)H is probably caused by the reduction of the transition metal accommodated in the catalytic center.
DISCUSSION
MomA from S. antibiotics was biochemically characterized as a quinone-forming monooxygenase that catalyzes oxygenation of THN to form flaviolin. Because MomA contains a domain conserved in cupin proteins that acts as ligands for the active site metal cofactor and because the addition of redoxactive transition metal ions facilitates the oxygenation reaction, we conclude that MomA is a metalloenzyme that requires redox-active transition metal ions for activation of dioxygen or the substrate. Most interestingly, MomA was highly thermostable and did not lose the activity even after a boiling treatment for 3 min (data not shown). It is known that the key structural advantage of the cupin fold is related to its high level of thermal stability (21) . A series of transition metal ions facilitated the reactions, although we could not prepare the MomA protein in which a single divalent metal ion is contained because of the inability of the chelators to remove the tightly bound metal ions, probably contained during the expression in E. coli. This promiscuity in terms of metal preference is also observed for acireductone dioxygenase (ARD) (27) . ARD catalyzes different reactions with the same substrates depending on the type of metal ions, such as Ni 2ϩ and Fe 2ϩ , bound in the active site. The activity of nickel-containing ARD (nickel-ARD) catalyzing oxygenation of acireductone to yield methylthiobutyric acid, CO, and formate remains when the protein is reconstituted with Mn 2ϩ , Co 2ϩ , and Ni 2ϩ , whereas the iron-ARD activity catalyzing oxygenation of acireductone to yield a corresponding keto acid and formate is conferred by Fe 2ϩ and Mg 2ϩ (27) . Consistent with the similarity in amino acid sequence, including the cupin domain of WhiE-ORFII to MomA, WhiE-ORFII catalyzed the oxygenation of THN to flaviolin, indicating WhiE-ORFII is a monooxygenase. This is the first example for biochemical characterization of the function of WhiE-ORFII and its homologues distributed in a wide variety of Streptomyces. The WhiE-ORFII homologues are supposed to catalyze monooxygenation of the respective aromatic polyketides as a post-PKS tailoring reaction. WhiE-ORFII possesses 48% identity in amino acid sequence to TcmJ, which is a product of the gene located immediately upstream of the minimal PKS within the tetracenomycin biosynthetic gene cluster (28) . The addition of TcmJ to the minimal PKS, both in vivo and in vitro, has no effect on the product structure but resulted in an enormous enhancement of the yield (8) . TcmJ was therefore postulated as an architectural protein that may "glue" together other PKS components in the correct orientation to maximize yield and minimize aberrant products (8, 29) . It is interesting to note that a similar yield-enhancing effect of MomA was also observed for the in vitro formation of flaviolin via THN by the successive actions of RppA and MomA; the addition of MomA to the RppA-MomA reaction resulted in increased consumption of malonyl-CoA, the substrate of RppA, and in an increased flaviolin yield (data not shown). Although this observation suggests an architectural role of MomA that enhances the RppA activity, in addition to the monooxygenation activity, in this case it is likely that the elimination of the product inhibition because of rapid oxygenation by MomA of the THN as the product of RppA leads to facilitation of the RppA reaction. We assume that TcmJ is involved in a late modification step in the biosynthetic pathway of tetracenomycin C.
Although the cupin family includes both enzyme and nonenzyme members having diverse functions, recent progress in the determination of three-dimensional structures of these family members have revealed a striking resemblance in their metalbinding sites (21) . The metals bound to the active site play several roles. For example, the Lewis acidity of Fe 2ϩ bound to phosphoglucose isomerase from Pyrococcus furious helps Fe 2ϩ to accept a pair of electrons from the hydroxyl group of the substrate, resulting in the promotion of deprotonation, which is a crucial step in the catalysis (30) . On the other hand, oxalate decarboxylase from Bacillus subtilis involves an inner sphere electron transfer between the bound manganese and the substrate during the catalysis (31) . Fig. 7 illustrates our tentative hypothesis on the mechanism of flaviolin formation from THN by the quinone-forming monooxygenases. For a catalytic mechanism for MomA and WhiE-ORFII, there are two possible pathways as follows: the formation of a substrate radical and a superoxide anion radical by an electron flow through the transition metal bound in the cupin domain (Fig. 7A) , and the direct electron transfer from a carbanion of the substrate to dioxygen (Fig. 7B) . The former catalytic mechanism is postulated as follows (Fig. 7A) . The transfer of one electron from the deprotonated substrate to the metal center would give a phenol radical intermediate (1) . The inner sphere electron transfer from the metal center to dioxygen would form a superoxide anion radical (2a), which in turn couples with a substrate radical to form a hydroperoxy anion (3). Alternatively, direct reaction of dioxygen with the carbon radical of the substrate (2b) could form a hydroperoxy radical (4), followed by a flow of one electron from the metal to 4, resulting in 3. Protonation of 3 to form a semiquinone peroxide and subsequent dehydration would accomplish the monooxygenation reaction. The latter catalytic mechanism is postulated as follows (Fig. 7B) . This pathway involves the direct electron transfer from a carbanion (5) to dioxygen to form a caged radical pair (6) . This process has been proposed for the reaction of ActVA-Orf6 monooxygenase (32, 33) , which shows 39% identity to TcmH, that catalyzes the oxidation of an intermediate of actinorhodin without the assistance of any of the prosthetic groups. Although there is a close functional similarity between ActVA-Orf6 and MomA in that both enzymes are quinone-forming oxygenases involved in polyketide tailoring, the mechanism of quinone formation could be different from each other. Unlike ActVA-Orf6, the reaction of MomA may involve a radical process (Fig. 7A) , because MomA requires a redox-active transition metal for the activity, which suggests that a phenol radical form of the substrate is an intermediate. Moreover, the addition of Zn 2ϩ , which is redoxinert in the range of potentials available to the biological system, inhibited the reactions of MomA and WhiE-ORFII. We therefore suppose that the latter pathway via the direct electron transfer from a carbanion (5) to dioxygen is unlikely in the reaction of MomA and WhiE-ORFII.
In conclusion, MomA and WhiE-ORFII that catalyze monooxygenation of several aromatic polyketides to form the corresponding quinones are members in a novel monooxygenase class in the cupin superfamily. The present study will facilitate the understanding of the biosynthetic pathways for aromatic polyketides, because a number of MomA homologues are encoded within the various biosynthetic gene clusters for polyketides of types II and III. In addition, the biological characterization of post-PKS tailoring enzymes would facilitate the development of combinatorial biosynthetic approaches.
